Ultrahigh-pressure liquid chromatography is an emerging technique for carrying out rapid and highly efficient separations. Unfortunately, one of the simplifying assumptions made in conventional high-performance liquid chromatography, incompressibility of the mobile phase, is not valid when higher and higher pressures are used. Rather, both compression and decompression of the eluent must be considered in terms of both heating and changes in the solvent's structure. The first of these problems, eluent heating during the compression and decompression cycles, which occurs in the pump and column, respectively, are considered in terms of a combined first principleempirical approach that is solved (i.e., an analytic solution obtained from the resulting integral equation) using 0.01 Bar pressure steps. The approach is used to estimate compression and decompression heating for methanol and water.
Introduction
With the advent of modern synthetic procedures, especially those where combinatorial techniques are being used to produce large numbers of compounds in relatively short periods of time, greater and greater demands are being placed on the analytical methods for screening them. Although a variety of approaches are being used, many of them involve some form of separation technique and of these, as has been the general trend for many years, the front-line approach continues to be liquid chromatography as the result of its greater overall flexibility, scalability, and ruggedness (1) (2) (3) (4) . The current trend in many analytical laboratories is the increasing use of rapid and highly automated methods that can handle the higher sample throughput demands.
Although it is sometimes difficult to define the exact point where classical high-performance liquid chromatographic (HPLC) approaches end and faster HPLC procedures begin, the basic strategy of all modern high throughput methods is to improve chromatographic efficiency to a point where more rapid separation conditions can be used to assay dozens of samples in the same amount of time in which only a few could have been assayed previously. This has been made possible by newer higher efficiency columns constructed using either nonporous, porous non-reticulated, or porous reticulated materials that improve the eluent's flow patterns and hence the transfer kinetics of the analytes. By employing shorter forms of these types of columns packed (i.e., < 100 mm in length) in combination with hardware that can be operated at higher pressures, separations can be carried out in seconds, compared to minutes or hours.
Although the general concept of rapid HPLC using shorter columns in combination with increased eluent velocities is not new, but one that is now approximately thirty years old (5) (6) (7) , an important and more recent refinement has been the use of greater than 300 Bar operating pressures in combination with sub-2 µm packings (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . This newer high efficiency form of separation is referred to as ultrahigh-pressure/performance liquid chromatography (UHPLC). Currently, the state-of-the-art of commercially available instrumentation extends the operating pressure range up to approximately 1000 Bar; however, custom assembled equipment allows even higher operating pressures to be used (10) . With the introduction of ultrahigh-pressure liquid chromatography, mixtures with greater complexity, such as plant extract, fermentation broths, and combinatorial products, can be assayed quickly using columns packed with sub-2 µm materials.
Like many of the other refinements that are occurring in the field of liquid chromatography, the use of very high pressures to carry out separations also is not new, but one that dates back nearly four decades (23) . However, these earlier applications were not successful due to the lack of available high efficiency column packings, and developments in this area were dormant for many years. This has changed within the last decade with the commercial introduction of newer types of ultrahigh efficiency separation media and equipment capable of using them at much higher operating pressures. However, with the emerging use of UHPLC, new challenges and potential problems have been introduced in terms of separation design and chromatographic reproducibility due to eluent compressibility and expansion effects (24) (25) (26) .
In conventional HPLC, one of the assumptions made for simplifying the fundamental treatment of solute migration is the incompressibility of the eluent. For moderate pressures up to approximately 250 to 300 Bar, this approximation is reasonable because only about 2% or less occurs and the resulting physicochemical changes due to compression and expansion of the eluent can be ignored. Hence, for all practical purposes, retention factors measured at one flow rate (i.e., pressure) are identical to those obtained at a different flow rate (i.e., pressure). However, when higher and higher pressures are used, compression and decompression effects can no longer be ignored. Unfortunately, a number of investigators appear to be unaware or do not understand fully the complex nature of the physicochemical changes that occur at ultrahigh pressures both in terms of (i) heating as the eluent is first compressed and then decompressed, and (ii) structural changes within the eluent. Although both of these influence the equilibria that govern solute migration, only heating resulting from compression and decompression will be considered in the current manuscript.
Compression Heating
In carrying out liquid chromatographic separations at ultrahigh pressures, the first physical change that must be considered is eluent heating in the pumping system due to fluid compression. In attempting to model this problem, it should be recognized that the amount of compression heating is highly solvent dependent and difficult to predict using purely first principles due to the: (i) nonideal nature of the liquid state compared to the gas state; (ii) lack of needed physical data, especially for mixed and less common solvents, like many of those used in LC; and (iii) nonreversible heat losses. Recognizing these problems, the current manuscript attempts to address some of these limitations using a combined first principles-empirical approach to reduce differences between the amount of heating predicted and what is experimentally observed. Unfortunately, this approach does not address problems related to the lack of physical data. Nevertheless, it should be useful once these data are measured.
Although under actual UHPLC conditions some heat losses occur as the eluent is compressed in the pumping system, from a modeling approach this loss is often considered to be small and is ignored (24, 25) , especially after the system has been operated for a few minutes and the pump head has reached thermal equilibrium with the eluent. By doing this, the fluid compression is treated as reversible and adiabatic, and the change in temperature of the eluent with respect to a change in its pressure (i.e., dT/dP) can be estimated using equation 1, where C p is its heat capacity, α its thermal compression/expansion coefficient, V its molar volume, and T its initial temperature in K as it enters the pump.
(dT/dP) S = αTV/C p Eq. 1
Previously, the problem of compression heating has been estimated for methanol (24) Subsequently, when these estimates are compared to experimental observations, they differ significantly in some cases from the actual measured temperature changes (27) . The previously mentioned treatment is mathematically convenient and serves as a useful starting point for estimating the potential magnitude of eluent heating and differences in heating between solvents when they are compressed. However, this simplified approach overestimates the degree of heating for methanol and underestimates it for water, through the use of constant values for C p , α, and V in Equation 1 for large changes in pressure (e.g. ∆P = 1000 Bar), when these quantities are not constant but continually change throughout the compression cycle. In the cases of solvents (e.g., methanol and water) where actual experimental data are available, the relationships between C p , α, and V and pressure are neither constant nor linear, but obey more complex nonlinear relationships.
Summarized in Figures 1-2 are graphs showing the relationships between C p , (lower plot), α (middle plot), and V (upper plot) as a function of pressure for pure methanol and water. The solid lines are nonlinear polynomial fits of data reported elsewhere (28, 29) adjusted from closely reported temperatures to 25°C using a graphical/interpolation procedure. The resulting fits and their use are discussed later in this paper. Additional values for the heat capacity, thermal compression/expansion coefficient, and molar volume of methanol and water at other temperatures can be found in these same references. It is important to note the decreasing (α = 1.20 × 10 -3 to 7.87 × 10 -4 K -1 for ∆P = 1000 Bar) vs. increasing (α = 2.58 to 3.49 × 10 -4 K -1 for ∆P = 1000 Bar) relationship between α and increasing pressure for methanol compared to water, which results in pronounced differences in the predicted compression heating between the two pure solvents. Compression heating is high in the case of pure methanol and low in the case of pure water.
In
Eq. 3
Where α = f 1 (P), V = f 2 (P), Cp = f 3 (P). In order to solve this latter relationship (equation 3), one must be able to either formulate first principle expressions for α = f 1 (P), V = f 2 (P), Cp = f 3 (P) or use an empirical approach to obtain relationships that describe them in terms of their actual experimentally measured behaviors, which was the approach used in the current treatment.
The empirical derived relationships for f 1 (P), f 2 (P), and f 3 (P) were obtained via curve fitting previously published data as discussed above for the plots appearing in Figures 1 and 2 . Although both the methanol and water data could be adequately fitted using third order polynomial expressions, fourth order fits were found to give slightly better R-squared values (i.e., greater than 0.999) and were used in the current treatment. In doing this, it should be noted that no physical significance is placed on these expressions other than they are accurate mathematical representations of the data given in Figures 1 and 2 . As examples, the empirical relationships used to solve equation 3 for methanol were: f 1 (P) = 2.153 × 10 -13 × P 4 -1.615 × 10 -9 × P 3 + 4.663 × 10 -6 × P 2 -7.411 × 10 -3 × P + 11.98 f 2 (P) = 7.554 × 10 -15 × P 4 -6.067 × 10 -11 × P 3 + 2.036 × 10 -7 × P 2 -4.760 × 10 -4 × P + 4.073 f 3 (P) = 1.177 × 10 -13 × P 4 -8.617 × 10 -10 × P 3 + 2.328 × 10 -06 × P 2 -3.956 × 10 -3 × P + 80.87
Although not given, a similar approach was used to generate the corresponding empirical relationships for water.
Subsequently, the analytic solutions to equation 3 modified for both methanol and water were obtained using The MathWorks, Inc. (Natick, MA) MATLAB software and integrating the resulting expression for pressure steps of 0.01 Bar between each successive slice. Applying this procedure, values for compression heating for both methanol and water were calculated for a ∆P = 1000 Bar for starting pressures of 1 and 1000 Bar. For comparison purposes, the differences between the predicted compression heating obtained using constant values of C p , α, and V and equation 1 and the integration method (equation 3) and empirical fitted equations that reflect the behavior are summarized in Table I . Also included are the relative differences between the two approaches in°C and relative %. As an example, in the case of methanol, the two approaches predict an 18.1 and 13.8°C increase in temperature of the eluent, respectively, when it enters the pump at an initial temperature of 25°C and is compressed from 1 to 1001 Bar. This represents a 31.2% difference between the two predicted values.
Shown in Figure 3 are plots of the predicted temperature change for the compression heating of methanol for a change in pressure of 1000 Bar (i.e., ∆P = 1000 Bar) as a function of different initial starting pressures and eluent temperatures. The curves from bottom to top are for initial eluent temperatures of 5, 15, 25, 40, and 50°C and were calculated using the integration approach and the empirical derived relationships for C p , α, and V discussed previously. Similar plots for the compression heating of water are given in Figure 4 and are for the same temperatures as those shown in Figure 3 . The significantly different trends between these two solvents are consistent with differences in their expansion/compression properties that are shown in the middle graphs appearing in Figures 1 and 2 , respectively. It is important to note that the calculated values for compression heating represent upper limits and under normal operating conditions using standard instrumentation, the increase in the eluent temperature entering the column will be less than this upper limit due to thermal losses in the pump, connecting tubing, and injection system. Furthermore, it is important to note that for both equations 1 and 3, an assumption is made that there are no entropic changes in the system (i.e., ∆S = 0) during compression. In actual practice, this is not the case and calculated values based on this assumption, irrespective of whether the fixed or the integral approach is employed, will overestimate the amount of heat produced (i.e., increase in temperature) because ∆S ≠ 0 and internal energy is stored via a change in ∆S, which is released during decompression of the eluent between the inlet and outlet of the column (i.e., conservation of energy).
Expansion Heating
The second physical change that must be considered under UHPLC conditions is fluid decompression/expansion as the eluent travels through the packed bed. Although this change is present under normal HPLC conditions, ∆P is small enough so that any effects arising from it can be ignored. However, this is not the case in UHPLC, where the amount of heat generated due to decompression also can be a significant factor in terms of the chromatographic reproducibility. One approach that has been used to estimate decompression heating is to use the JouleThomson expansion of a liquid through a porous plug model. In using this approach, two assumptions are made, (i) the change in enthalpy for the process is zero (isenthalpic), and (ii) other heating due to friction can be ignored because the velocity of fluid passing though the column is relatively small (30, 31) . The resulting mathematical model is given in equation 4 and C p , α, and V are the same quantities appearing in equation 1 earlier.
In solving the previous expression, it is important to note that the Joule-Thomson effect can be either positive or negative depending on the exact conditions with respect to the system's inversion point resulting in either heating or cooling. Under UHPLC conditions, expansion of the eluent leads to heating. The expansion heating for methanol has been estimated using equation 4 and constant values for C p , α, and V as was done in the case of compression heating (24) . Thus, when pure As discussed previously for the compression heating process, the eluent's thermodynamic properties change with pressure. Thus, in order to obtain a more reliable estimate of expansion heating, equation 4 must be solved in terms of its integral form, equation 5, after making the appropriate substitutions of the empirical relationships for f 1 (P), f 2 (P), and f 3 (P) into equation 6. ∫ dT = ∫ (αT-1)V/Cp dP Eq. 5 ∫ dT = ∫ (f 1 (P) T-1) f 2 (P)/ f 3 (P) dP Eq. 6
The analytic solution of equation 6 was obtained using the same software and pressure step conditions used for calculating compression heating. The resulting values for decompression heating are summarized in Table II . Also, for comparison purposes, the differences between data (i.e., in terms of both °C and relative %) obtained using constant values of C p , α, and V and equation 4 and the integration approach and empirical fitted values using equation 6 for expansion heating are summarized in Table II . Similar to the data shown in Figure 3 for compression heating, appearing in Figure 5 are plots of the predicted temperature change that results from the expansion/decompression heating of methanol for a change in pressure of 1000 Bar (i.e., ∆P = 1000 Bar) as a function of the initial starting pressure. The curves from top to bottom are for initial eluent temperatures of 5, 15, 25, 40, and 50°C. Similar plots for the decompression heating of water are given in Figure 6 and are for the same temperatures as in Figure 5 . Again, as in the case of compression heating, significantly different trends between these two solvents are predicted for expansion heating.
Conclusions
The physicochemical changes that occur under various UHPLC conditions are complex and are often difficult to describe in terms of first principles due to the nonideal nature of the liquid state compared to the gas state. Likewise, empirical models are often inadequate or incomplete due to the lack of sufficient experimental data, especially in the case of mixed solvents. Such measurements are currently in progress (27) and will be reported in a forthcoming manuscript. Nevertheless, a combination of these approaches can be useful, keeping in mind that under actual UHPLC conditions (i.e., the use of binary solvents, different compression volumes, temperatures, pressures, and nonadiabatic heat losses), the calculated values serve as only rough estimates of what to expect. Often the measured increases in temperature are significantly less than the values predicted. Likewise, with smaller bore columns and appropriate temperature control, the problem of thermal gradients in the column can be reduced.
In addition to thermal changes, a second and perhaps even more important physicochemical consideration in UHPLC is the influence of pressure on the eluent's structure, especially for mixed hydroorganic solvents (i.e., polarity changes) and the resulting changes in the equilibrium constants that govern solute migration. Although this aspect is not considered in the current paper and has received far less attention in the literature, there have been some attempts to model these effects (24) (25) (26) . It is important to recognize that the elution profile of a mixture of compounds (i.e., observed using moderate pressures) can differ significantly from the elution profile of the same mixture measured at ultrahigh pressure even if an identical eluent and surface/column are used. Furthermore, the elution profile will be much less predictable as the flow rate (i.e., pressure) is changed. This effect was first reported nearly four decades ago (23) and suggests that UHPLC separations will be far more difficult to predict and reproduce than those carried out under conventional HPLC conditions (24). Predicted change in temperature for the expansion heating of methanol vs. starting pressure for a change in pressure of 1000 Bar using the integration approach and the empirically derived relationships for C p , α, and V. The plots appear in the reverse order as in Figure 3 . Figure 6 . Predicted change in temperature for the expansion heating of water vs. pressure for a change in pressure of 1000 Bar using the integration approach and the empirically derived relationships for C p , α, and V. The plots appear in the reverse order as in Figure 3 .
